Abstract Polymer thin film deposition using an atmospheric pressure micro-plasma jet driven by dual-frequency excitations is described in this paper. The discharge process was operated with a mixture of argon (6 slm) and a small amount of acetone (0-2100 ppm). Plasma composition was measured by optical emission spectroscopy (OES). In addition to a large number of Ar spectra lines, we observed some spectra of C, CN, CH and C2. Through changing acetone content mixed in argon, we found that the optimum discharge condition for deposition can be characterized by the maximum concentration of carbonaceous species. The deposited film was characterized by scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared (FTIR) spectroscopy. The XPS indicated that the film was mostly composed of C with trace amount of O and N elements. The FTIR suggested different carbon-containing bonds (-CHx, C=O, C=C, C-O-C) presented in the deposited film.
Introduction
Due to solvent-free processing, feasible operation at room temperature, easily control of the film thickness, strongly adhering to various substrates, smooth and pinhole-free structure, good chemical inertness, excellent heat resistance and long-term environmental stability, plasma polymer (PP) film is one of the most widely used material in the field of polymer materials and has attracted much interest [1] . It has wide applications such as sensors [2, 3] and electronic devices [4, 5] . Recently, preparing polymer thin films have been studied by using plasma enhanced chemical vapor deposition (PECVD) techniques [6−10] . Many organic precursors can be selected to prepare polymer thin films. For example, two precursors, benzene and octafluorocyclobutane were used to form plasma polymerized carbonbased polymer thin films in Jiang's experiment [5] . In this work, polymer thin films was deposited using an Ar/CH 3 COCH 3 atmospheric pressure plasma jet (APPJ) driven by 50 kHz/2 MHz dual-frequency excitations. There is no requirement of expensive and complicated vacuum systems in this technnique. On the other hand, since plasma jet devices generate plasma plumes in an open air rather than a confined chamber, it can deposit thin films on the substrates without limitation to the sizes and complexity of geometries. Furthermore, dual-frequency (DF) plasma jet has low-frequency (LF, kHz) and radio-frequency (RF, MHz) plasma [11, 12] . The LF discharge has long plasma plume length and low gas temperature but low electron density. The long plasma plume length of LF plasma is convenient to treat three-dimensional (3D) complex geometries, and low gas temperature is beneficial for depositing thin films on sensitive substrates. The RF discharge can obtain high electron density but with millimeter scale plume length. The high electron density is good to ionize gas. So the best choice is to combine the both. In this study, acetone (CH 3 COCH 3 ) is used as the precursor source gas while argon (Ar) is used as the carrier gas for film deposition. The optimal deposition parameters and the structure of deposited film on the substrates were discussed.
Experiment

Experimental setup
The experimental setup of an atmospheric pressure micro-plasma used for depositing polymer thin film is shown in Fig. 1 . The discharge device consists of two driven electrode, a central copper pin (d = 2 mm) electrode located in the quartz syringe and a copper ring electrode wrapped around the outside of the quartz tube near the tube nozzle (d out = 5 mm, d in = 3 mm). The bare metal pin electrode can strongly reduce the discharge voltage [13] . The RF power is supplied by a RF generator (Rishige RSGK100), working at 2 MHz, which is coupled via a matching network to the ring electrode. The pin electrode is connected to a 50 kHz LF power source (CORONA Lab CTP-2000 K). The root-mean-square (rms) value of the applied voltage is acquired using a high voltage probe (Tektronix P6015). The sharp quartz tube is just like a syringe. This design ensures that the gas is introduced downstream of the discharge and minimizes the influence of surrounding air on the discharge region. Acetone is used as the polymer thin films source. The main argon flow (99.99%) is supplied to the quartz tube with a constant flow rate of about 6 slm (standard liters per minute) to stabilize the plasma. The other small inputting argon flow is used to carry the acetone into the discharge region. The micro-plasma jet is directed toward a substrate which fixed at 1 mm apart from the quartz syringe nozzle. Before deposition, the substrates were ultrasonically cleaned firstly, and then cleaned by sputtering for 5 min by argon atmospheric pressure plasma so as to remove contamination on the surface of the substrates. The substrates used for the deposition are Si wafers and KBr substrates. 
Antoine equation
The acetone (99.5%) and argon flow (99.99%) are used in our experiment. Two gas mass flow controllers are used to control the gas flow. One (F 2 ) is used to control the main argon, and the other one (F 1 ) is used to control the small inputting argon flow which carried the acetone into the discharge region. According to Antoine equation
where P is saturated vapor pressure (kPa), T is the absolute temperature (K), while A, B, and C are the Antoine constants (acetone: 7.2, 1277.0, 237.2). At room temperature (293 K), the saturated vapor pressure of acetone is 0.2464 bar. The partial pressure of acetone vapor in the mixing gas is
When the experiment condition is at 1 atm, the acetone content could be obtained from its partial pressure. For example, when the gas flow F 1 is 24 sccm and F 2 is 5.976 slm, according to Eq. (2), we can figure out that acetone content is about 985 ppm. The total flow (F 1 +F 2 ) is run at a constant rate of 6 slm. The acetone content is varied from 0 ppm to 2100 ppm by changing gas mass flow meter F 1 . The mixture plasma discharge will be quenched when acetone content is higher than 2100 ppm. The reason for this phenomenon will be explained in the following paragraphs.
3 Results and discussions
Optimization of deposition conditions
The discharge process in the mixture of argon and acetone is described as follows. At first, the plasma is ignited by LF power source, and then turn on the RF generator. In previous investigation, the precursor concentration and the applied power both strongly affected the optical emission spectra and the thin film properties [14] . With increasing RF power, we observed that there was a strong tendency of glow-to-arc transition and the plasma jet became unstable. When it was operated at a moderate power (V LF =1000 V, V RF =700 V), we could obtain a stable plasma jet. Spectrograph (Avaspec-2048-8) was used to observe the plasma optical emission spectra. OES is a non-intrusive diagnostic to monitor the film growth process. The spectra integration time was 80 ms. The discharge spectra (200-1000 nm) with different acetone contents are shown in Fig. 2 , which shows that the argon discharge spectra change significantly because of the introduction of a small amount of acetone. In addition to a large number of Ar lines, some spectra of important carbonaceous species C at 247.8 nm, CN at 388
The plasma discharge is generated at atmospheric pressure in ambient air. CN radicals may be produced in the reaction of carbonaceous radicals with N 2 from ambient air. Cheng et al. [15] has investigated the optical emission spectroscopy diagnosis of acetone species in intermediate frequency (dozens of kilohertz) argon/acetone plasma at atmospheric pressure. Compared with our experiment, they observed carbonaceous species C, C 2 and CH except for CN at 388.3 nm. Wertheimer and Moisan [16] pointed out that the excitation frequency could strongly affect the electron energy distribution function (EEDF). The reason for this difference may be that different frequency could lead to different electron energy distribution function in plasmas. We also observed that emission intensities of Ar lines decreased significantly because of introduction of acetone. Detailed explanation of this phenomenon will be given in the following. In order to facilitate further investigation, we plotted in Fig. 3 the curves of key plasma species' optical emission intensities as a function of acetone content. It indicates that the dependency of emission intensities on acetone content is nonlinear. As the acetone content increases, the emission intensities of C, CN, CH and C 2 increase, reach a maximum, and then gradually decrease. When the acetone content is about 985 ppm, the emission intensity of C 2 reaches a maximum value. Excited species in the discharge may play an active role in the film growth process. The maximum emission intensity of carbonaceous species is beneficial for deposition of carbon thin-film. We call it optimal condition. As shown in Fig. 3(b) , the emission intensity of the Ar line at 696.5 nm decreases significantly with the increase of acetone content. However, the decrease is not linear. Initially there is a rapid decrease with the increase of acetone content and then the reduction rate slows down. The reason is that electron temperature T e decreases at higher acetone content. In the whole system, the increase of acetone content also leads to more acetone vapor into plasma generating region. The increase of molecular gas into the inert gas discharge plasma brings a change in efficiency of energy transfer between electrons and heavy species. It causes a reduction in T e [17] , and the decrease of T e will strongly affect the intensities of Ar lines. The initial rising of emission intensities of carbonaceous species (C, CN, CH, C 2 ) is due to the dissociation of acetone molecules and their fragments. The dissociation energy of the acetone molecule is lower than that of Ar, so acetone molecule is more easily dissociated. Adding acetone vapor could result in a loss of the electrons. With the increase of acetone content, there are not enough electrons to maintain the primary plasma discharge. So the higher the content of injected acetone, the lower the emission intensity of carbonaceous species (C, CN, CH, C 2 ). The plasma discharge will be completely quenched when the acetone content is higher than 2100 ppm. 
Characterization of the deposited film
The film was deposited for 20 min under optimal conditions (total Ar flow rate is 6 slm, acetone content is 985 ppm). The area of the film is about 20 mm 2 . The surface morphology, chemical composition and bond structure of the film were characterized by SEM (FE-SEM, Hitachi S-4800), XPS and FTIR spectroscopy, respectively.
The SEM results show that many spherical particles are gathered into clumps which tend to form an irregular three-dimensional cross-linked network as shown in Fig. 4(a) . The diameters of these spherical particles are about 200-400 nm as shown in Fig. 4(b) . As we known, the parameters including discharge power and frequency, monomer structure, flow rate of monomer, Fig.4 SEM images of the film obtained at (a) low magnification and (b) high magnification pressure, deposition time, substrate temperature and position are very important in the growth process and affect the film's properties. For example, Jacob et al. [18] studied the fabrication of organic polymer thin film using radio frequency plasma polymerization. They concluded that the film thickness could be controlled by changing the deposition time. Yi, et al. [7] studied a C:F. film deposition using a RF frequency (13.56 MHz) plasma. They pointed out that with increasing RF power, the content of C=C bonds in the film increased and the structure of the film became more graphitized. Correspondingly, in our work, certain parameters jointly determined the structure of the film.
XPS (PHI-5702) measurement was carried out to investigate the chemical elements of the thin film. Fig. 5 shows the XPS image of the thin film. C1s and O1s peaks are clearly visible. Furthermore, N1s peak is also visible. It must be noted that H is not detected by this method. Through analysis we obtained relative atomic concentration (at.%) of thin film. The contents of C1s, O1s and N1s are 81.50%, 15.10% and 3.41%, respectively. The results suggest that the film is mostly composed of C and O with trace amount of N elements. The presence of carbon in the film is due to the decomposition of the acetone precursor. The acetone precursor was dissociated by electron impact and Penning dissociation. The existence of oxygen in the sample may come from Si-O-Si bond due to the oxidation of the silicon wafer and decomposition of the acetone precursor. The existence of a small amount of nitrogen (3.41%) in the film is also noticed. It may be due to the interaction between the remote atmospheric pressure plasma and N 2 in ambient air during deposition. The existence of CN in optical emission spectra (as shown in Fig. 2(b) and Fig. 2(c) ) also support it. The bond structure of the thin film deposited on KBr substrate was analyzed by Alpha Centauri FTIR spectrometer (4000 cm −1 to 400 cm −1 ). The possible peaks are shown in Table 1 .
The FTIR spectra analysis (as shown in Fig. 6 ) suggests the presence of different carbon-containing bonds (-CH x , C=O, C=C, C-O-C) in the deposited film. The strong peak at 2800-3100 cm −1 corresponds to -CH x in the FTIR spectra, as clearly shown in Fig. 6 . The strong peak at 2958 cm −1 corresponds to -CH 3 asymmetric stretching, and the peak at 2923 cm −1 corresponds to -CH 2 asymmetric stretching. There is a small shoulder at 2843 cm −1 corresponding to -CH asymmetric stretching. The -CH 3 symmetric umbrella bending absorption peak appears at around 1377 cm −1 . The shoulder at 1451 cm −1 should be -CH 3 asymmetric umbrella bending. The peak at 1628 cm −1 is assigned to C=C stretching. The C=C bond is due to the scission of the C-H/C-N/C=O bonds and further recombination of the C atoms [8] . The existence of unsaturated C=C bonds implies that the structure of the film is an incompletely cross-linked network. The wide peak at approximately 3300 cm −1 corresponds to the -OH bond. It can be assigned to the adsorption of H 2 O from ambient air and recombination of molecular fragments resulting from the dissociation of acetone molecules in the discharge plasma [8] . In addition, strong peak around 1718 cm −1 should belong to C=O group's stretching. The reason may be the film exposure to air and recombination of acetone fragments resulting from the dissociation of acetone molecules in the plasma [21] . The weak peak at 1212 cm −1 corresponds to C-O-C bond. The structure of the film is different from the monomer structure, because the plasma polymerization process involves fragmentation and reorganization due to abundant and highly energetic active species. The high intensity of these -CH x absorptions peak reveals a high CH x group content in the films. It also proves the existence of abundant H in the film. 
Conclusion
Polymer thin films are successfully deposited on silicon and KBr substrates using an atmospheric pressure Ar/CH 3 COCH 3 micro-plasma jet driven by dualfrequency excitations under optimized deposition conditions (total Ar flow is 6 slm, acetone content is 985 ppm). Surface morphology shows that spherical particles (diameters are about 200-400 nm) were gathered and tended to form an irregular three-dimensional cross-linked network. The polymer thin film consisted of C, H, O and N elements. Infrared analyses reveal the existence of -CH x and C=O groups with trace amount of C=C, C-O-C bonds.
